Noninvasive Discrimination of Coronary Chronic Total Occlusion and Subtotal Occlusion by Coronary Computed Tomography Angiography  by Choi, Jin-Ho et al.
J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 8 , N O . 9 , 2 0 1 5
ª 2 0 1 5 B Y T H E AM E R I C A N C O L L E G E O F C A R D I O L O G Y F O U N DA T I O N I S S N 1 9 3 6 - 8 7 9 8 / $ 3 6 . 0 0
P U B L I S H E D B Y E L S E V I E R I N C . h t t p : / / d x . d o i . o r g / 1 0 . 1 0 1 6 / j . j c i n . 2 0 1 5 . 0 3 . 0 4 2CLINICAL RESEARCH
CORONARYNoninvasive Discrimination of Coronary
Chronic Total Occlusion and Subtotal
Occlusion by Coronary Computed
Tomography Angiography
Jin-Ho Choi, MD, PHD,*y Eun-Kyoung Kim, MD,* Sung Mok Kim, MD, PHD,z Hyungyoon Kim, MD,*
Young Bin Song, MD, PHD,* Joo-Yong Hahn, MD, PHD,* Seung Hyuk Choi, MD, PHD,* Hyeon-Cheol Gwon, MD, PHD,*
Sang-Hoon Lee, MD, PHD,* Yeon Hyeon Choe, MD, PHD,z Jae K. Oh, MD*xABSTRACTFro
Ko
Re
Un
Me
by
rel
MaOBJECTIVES The aim of this study was to investigate whether noninvasive discrimination of chronic total occlusion
(CTO), a complete interruption of coronary artery ﬂow, and subtotal occlusion (STO), a functional total occlusion, is
feasible using coronary computed tomography angiography (CTA).
BACKGROUND CTO and STO may be different in pathophysiology and clinical treatment strategy.
METHODS We included 486 consecutive patients (median age 63 years, 82% male) who showed a total of
553 completely occluded coronary arteries in coronary CTA. The length of occlusion, side branches, shape of proximal
stump, and collateral vessels were measured as anatomical ﬁndings. Transluminal attenuation gradient, which reﬂects
intraluminal contrast kinetics and functional extent of collateral ﬂow, was measured as a physiological surrogate. All
patients were followed by invasive coronary angiography.
RESULTS Coronary arteries with CTO showed longer occlusion length (cutoff $15 mm), higher distal transluminal
attenuation gradient (cutoff $0.9 Hounsﬁeld units [HU]/10 mm), more frequent side branches, blunted stump,
cross-sectional calciﬁcation $50%, and collateral vessels compared with arteries with STO (p < 0.001, all). The
combination of these ﬁndings could distinguish CTO from STO (c-statistics ¼ 0.88 [95% conﬁdence interval: 0.94 to
0.90], sensitivity 83%, speciﬁcity 77%, positive predictive value 55%, negative predictive value 93%; p < 0.001).
Percutaneous coronary intervention (PCI) was attempted in 342 arteries and was successful in 279 arteries (82%). The
computed tomography ﬁndings could predict the unsuccessful PCI (c-statistics ¼ 0.70 [95% conﬁdence interval: 0.65 to
0.75], sensitivity 63%, speciﬁcity 73%, positive predictive value 91%, negative predictive value 31%; p < 0.001).
CONCLUSIONS Noninvasive coronary CTA could discern CTO from STO, and also could predict the success of
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1144C hronic total occlusion (CTO), acomplete interruption of coronaryarterial ﬂow caused by plaque
obstructing arterial lumen, is not uncommon
and is found in 18% to 31% of invasive
coronary angiography (CAG) cases (1,2). CTO
is known to be frequently accompanied
by microchannels smaller than the spatial res-
olution of angiography, which corresponds to
less than complete luminal occlusion histo-
logically (3). Therefore, CTO and subtotal
occlusion (STO), which is a “functional” total
occlusion or a slow contrast penetrationthrough the occluded segment, are not distinguished
strictly in clinical practice (4–6).
Discrimination of CTO from STO before cardiac
catheterization is of clinical value because percuta-
neous coronary intervention (PCI) is attempted less
frequently for CTO lesions and has a higher rate ofd Physiological Differences Between CTO and STO
ion in the context of nonfatal myocardial infarction is
nized thrombi, which is replaced later with proteoglycan
ssel develops and ﬂows into the distal artery or side
formed by the progression of tissue extending up to the
hronic total occlusion (CTO) is typically characterized by a
between adjacent side branches, blunt proximal stump,
to the distal vessel or side branch. The white line in the
els or loose connective tissue, which are not visible by
aphy. STO ¼ subtotal occlusion.unsuccessful procedures and late restenosis
compared with non-CTO lesions (7,8). However,
noninvasive discrimination of CTO from STO remains
a challenge, because both show complete interrup-
tion of contrast-enhanced arterial lumen in anatom-
ical imaging tests and myocardial ischemia in
functional imaging tests (9–11).
The pathogenesis of CTO is presumed to be
thrombotic occlusion in the context of nonfatal
myocardial infarction (MI) followed by progression
of organized thrombus ﬁlling up to the ostium of
side branches. Organized thrombus is replaced by
collagen-rich ﬁbrous tissue or calciﬁcation. Collateral
vessel develops to supply myocardium subtended by
occluded vessels (12–14). The angiographic charac-
teristics of CTO would be summarized by the long
totally occluded segment between adjacent side
branches, blunt proximal stump, and collateral ves-
sels ﬂowing into the distal segment or side branches
(Figure 1).SEE PAGE 1154We reasoned that these anatomical and physio-
logical ﬁndings can be identiﬁed by coronary
computed tomography angiography (CTA), a nonin-
vasive modality that enables investigation of both the
arterial lumen and the obstructive plaque. It would be
helpful to the decision of the revascularization strat-
egy and the prediction of PCI procedural success. We
investigated anatomical and physiological ﬁndings in
the coronary CTA of patients with totally occluded
coronary arteries and compared it with the invasive
CAG and the result of PCI.METHODS
PATIENTS. From June 2006 to November 2013, we
consecutively screened 578 patients who showed at
least 1 totally occluded coronary artery by clinically
indicated coronary CTA and were validated by sub-
sequent diagnostic CAG within 12 weeks (median 14
days). Patients with recent MI within 90 days by the
computed tomography acquisition time were not
enrolled, nor were those with uncompensated heart
failure, left main disease, creatinine $2.0 mg/dl, or
estimated glomerular ﬁltration rate #30 ml/min. Pa-
tients with an occlusion in the small branch, vaso-
spastic angina, and poor image quality were
excluded. Patients who underwent bypass surgery or
PCI for occluded arteries were also excluded due to
the potential confounding on the coronary ﬂow
physiology. The remaining 486 patients comprised
the study cohort (Figure 2). Our prior studies enrolled
FIGURE 2 Study Flow
A total of 578 patients were included who showed at least 1 totally occluded coronary artery by coronary computed tomographic (CT)
angiography and were validated by subsequent coronary angiography. After exclusion of patients with revascularization for an occluded vessel
(n ¼ 27), small vessel (n ¼ 20), vasospastic angina (n ¼ 22), and poor image quality (n ¼ 23), 486 patients were enrolled into analysis.
*Bypass surgery.
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1145patients from January 2007 to April 2009, and 208
patients were included in both prior studies and the
current study (15,16). The institutional review board
committee approved the study protocol.
CLINICAL HISTORY. Clinical history and risk factors
were investigated by research nurses. The prevalence
of prior MI in patients with total occlusion is known
to be underestimated. Therefore, prior MI was
deﬁned by the patient’s history of ischemic symp-
toms consistent with MI, Q waves involving $2
contiguous electrocardiography (ECG) leads, or evi-
dence of left ventricular (LV) wall motion abnormality
consistent with the territory of obstructed coronary
artery (12).
ACQUISITION OF CORONARY CTA. A 64-slice
(Aquilion 64, Toshiba Medical Systems, Tokyo,
Japan) or 128-slice scanner (SOMATOM Deﬁnition,
Siemens Medical Solution, Forchheim, Germany) was
used in 236 and 250 patients, respectively. Oral
metoprolol and nitroglycerin were used before image
acquisition for optimal heart rate and vasodilation.
Contrast injection consisted of a bolus of 80 ml ofnonionic contrast medium (Iomeron 400 mg iodine/
ml, Bracco, Milan, Italy) at a ﬂow rate of 4 ml/s fol-
lowed by an injection of 30 ml of 30:70 contrast
medium-saline mixtures and an injection of saline
30 ml. The scan mode of the 64-slice scanner was a
retrospective gated helical mode with the following
parameters: 120 kV tube voltage, 400 mA tube cur-
rent, 350 ms gantry rotation time, 0.22 to 0.25 pitch,
and 64  0.5-mm detector collimation. For the
128-slice scanner, the retrospective ECG-gated helical
technique was used with the following parameters:
120 kV tube voltage, 400 mA tube current, 280 ms
gantry rotation time, 0.22 to 0.24 pitch, and 2  64 
0.6-mm detector collimation resulting in 2  128 
0.6-mm sections. The image dataset was recon-
structed by 0.5- or 0.6-mm slices. The axial scan time
was 6 to 8 s in both scanners.
ASSESSMENT OF TOTALLY OCCLUDED SEGMENT
AND SIDE BRANCHES. Cardiovascular radiologists
interpreted coronary CTA using a dedicated work-
station (iNtuition, Terarecon, Foster City, California).
Totally occluded vessel segment was deﬁned by
FIGURE 3 Representative Images of Coronary Arteries With CTO and Coronary Arteries With STO
Continued on the next page
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1146complete absence of luminal enhancement. Axial
length of artery and occluded segment was measured
in curved multiplanar reformatted view to avoid
shortening caused by angulation or viewing angle.
The luminal size, vessel area in the midst of occluded
segment, remodeling index, and semiquantitative
extent of calciﬁcation were assessed in cross-
sectional view. Side branches adjacent to the totalocclusion was deﬁned when both proximal and distal
side branches having diameter $1.5 mm were identi-
ﬁed adjacent to the totally occluded segment. In case
of ambiguity, another radiologist or imaging
specialist was invited to reach an agreement.
TRANSLUMINAL ATTENUATION GRADIENT. Transluminal
attenuation gradient (TAG)all and TAGdistal, which
FIGURE 3 Continued
Computed tomographic angiography (CTA) and coronary angiography (CAG) images of CTO (A to E), and STO (F to I). Blue arrows
indicate proximal side branch; pink arrows indicate distal side branch; yellow arrows indicate collateral vessel. (A) Curved multiplanar
reconstruction view of distal right coronary artery giving PDA and posterolateral branch (PL). Note the side branches adjacent to the occlusion
and the blunt proximal stump. Cross-sectional view of proximal reference and midocclusion are shown in the inset A and B. (B) Transluminal
attenuation gradient (TAG) is indicated by blue arrows (TAGall) or pink arrows (TAGdistal). TAGdistal >0 Hounsﬁeld units (HU)/10 mm suggests
retrograde collateral ﬂow into far distal PL. (C) CAG of right coronary artery (RCA) showing blunt stump and proximal side branch. (D) A
well-developed collateral vessel from distal left circumﬂex (LCX) supplies far distal PL. (E) Noninvasively visualized collateral vessel arising
from distal LCX runs over inferior surface of left atrium and supplies far distal PL. (F) Curved multiplanar reconstruction view of proximal LAD.
Note the short occlusion length and tapered proximal stump. No side branch was adjacent to theoccluded segment. (G)BothTAGall andTAGdistal
are highly negative, which suggests slow antegrade ﬂow or severe stenosis without retrograde collateral ﬂow. (H) CAG showing STO in mid-LAD.
(I) Collateral vessels from RCA opacify septal branches but do not opacify LAD. See Online Videos 1, 2, 3, 4, 5, 6, 7, 8, and 9.
NG ¼ nitroglycerine; other abbreviations as in Figure 1.
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1147reﬂect the kinetics of intraluminal ﬂow and collateral
circulation, respectively, were assessed as described
previously (15,17–20). TAG (HU/10 mm) was deﬁned
by the linear regression coefﬁcient between intra-
luminal radiological attenuations and vessel length
from the ostium to distal vessel (TAGall) or distal to
occlusion (TAGdistal).COLLATERAL VESSEL AND LV MASS INDEX. The pres-
ence of collateral vessel was determined by complete
vascular connection between donor and recipient
coronary arteries, which was deﬁned by continuous
connection in all curved multiplanar reformatted
images rotated by 1 each, as shown in Online Videos
1, 2, 3, 4, 5, 6, 7, 8, and 9. The LV mass was assessed
TABLE 1 Clinical Cha
Patients, n*
Clinical risk factors
Age, yrs
Male
Body mass index, kg
Hypertension
Diabetes
Smoking
Stroke
History of ischemic s
consistent with M
Prior MI (on the basi
ECG Q-wave, or L
motion abnormal
Prior PCI for nontota
Laboratory and imagin
Hemoglobin, g/dl
Creatinine, g/dl
Q-wave on ECG†
LV wall motion abno
LV ejection fraction,
LV ejection fraction #
LV mass index, g/m2
Diagnosis
Angina
Silent ischemia
Extent of coronary arte
Single-vessel disease
Multivessel disease
Values are median (ﬁrst to
exact test. *Multiple total
paced or junctional in 2 pa
‡Echocardiography was pe
CTO ¼ chronic total occl
STO ¼ subtotal occlusion.
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1148(Vitrea, Toshiba Medical Systems, Otawara-shi,
Japan) and was adjusted with body surface area (m2).
INVASIVE CAG AND PCI. CAG was performed using
standard techniques with intracoronary nitroglyc-
erin, and was assessed by interventional cardiol-
ogists blinded to the other imaging data. CTO
was deﬁned by completely interrupted arterial
lumen with absence of antegrade ﬂow through the
lesion (TIMI [Thrombolysis In Myocardial Infarc-
tion] ﬂow grade 0) (5). STO was deﬁned by diam-
eter stenosis $95% and signiﬁcantly decreased
antegrade ﬂow (TIMI grade 1 to 2) (6,21). Angio-
graphic success of PCI was deﬁned by achievement
of a minimum diameter stenosis <50% and TIMI
grade 3 ﬂow.
The diameter and angiographic ﬂow of collateral
vessels was semiquantitatively assessed using
Collateral Connection grade (0 to 2) and Rentropracteristics
CTO STO p Value
362 124
63 (55–69) 64 (56–70) 0.40
298 (82.3) 94 (75.8) 0.12
/m2 24.8 (23.2–26.6) 24.4 (22.6–26.4) 0.18
241 (66.6) 78 (62.9) 0.51
141 (39.0) 50 (40.3) 0.83
169 (46.7) 47 (37.9) 0.09
38 (10.5) 6 (4.8) 0.07
ymptoms
I
51 (14.1) 9 (7.3) 0.06
s of symptoms,
V wall
ity)
207 (57.2) 59 (47.6) 0.08
l occlusion 56 (15.5) 11 (8.9) 0.07
g tests
14 (13–15) 14 (13–15) 0.38
1.0 (0.9–1.1) 0.9 (0.8–1.1) 0.08
85 (23.5) 15 (12.1) 0.007
rmality‡ 184 (50.8) 52 (41.9) 0.10
%‡ 60 (54–65) 64 (56–68) 0.002
40%‡ 20 (7.0) 2 (2.2) 0.08
66.4 (57.0–76.5) 61.8 (55.1–74.6) 0.026
280 (77.3) 108 (87.1)
82 (22.7) 16 (12.9) 0.020
ry stenosis
105 (29.0) 44 (35.5) 0.18
257 (71.0) 80 (64.5)
third quartile) or n (%). The p values were determined by Mann-Whitney U or Fisher
occlusions were found in 58 patients (11.9%). †Rhythm was sinus in 484 patients and
tients. Anterior and inferior Q-wave was found in 59 and 41 patients, respectively.
rformed in 453 patients (93.2%).
usion; ECG ¼ electrocardiography; LV ¼ left ventricular; MI ¼ myocardial infarction;grade (0 to 3), which represent the size and functional
extent of collateral vessels, respectively (22,23).
Quantitative coronary angiography was performed by
technicians who were blinded to the other imaging
data and was supervised by an interventional cardi-
ologist. The angiographic length of the occluded
segment was measured between the proximal and
distal segment of occlusion or visual stenosis >95%.
STATISTICAL ANALYSIS. Analysis was done on a per-
vessel basis unless indicated otherwise. Data were
not normally distributed, and nonparametric statis-
tics were applied. Continuous variables are shown as
median with ﬁrst and third quartiles. Continuous and
categorical variables were compared using the Mann-
Whitney U or Fisher exact test. Predictive perfor-
mance of individual models was compared using
receiver-operating characteristic analysis with
DeLong’s method. The inter-rater agreement and
reproducibility of the morphological assessment were
validated in 20 randomly selected vessels using
Cohen’s weighted kappa. The multivariate logistic
model included optimal cut-offs of independent
predictors (p < 0.05) determined by Youden’s J sta-
tistics, and was validated by bootstrap with 10,000
iterations (24). SPSS version 19.0 (IBM, Armonk, New
York) and R version 3.1.0 (R Foundation for Statistical
Computing, Vienna, Austria) with boot package was
used. A 2-tailed p < 0.05 was considered to be sta-
tistically signiﬁcant.RESULTS
CLINICAL CHARACTERISTICS. There was no differ-
ence in clinical risk factors between patients with
CTO and patients with STO by CAG (p ¼ NS, all). Pa-
tients with CTO showed higher frequency of Q-wave
on ECG, lower LV ejection fraction, and higher LV
mass index compared with patients with STO (p <
0.05, all). Silent ischemia was more common in pa-
tients with CTO compared with patients with STO
(23% vs. 13%; p ¼ 0.020). Prevalence of multivessel
disease was not different between the 2 groups
(p ¼ 0.18) (Table 1).
REPRODUCIBILITY ANDAGREEMENTOFMEASUREMENTS.
For the presence of side branch and collateral visu-
alization, the weighted Kappa was 0.90 (95% conﬁ-
dence interval [CI]: 0.70 to 1.00) in both intrarater
and inter-rater agreement. For the Rentrop or
Collateral connection scores, the weighted Kappa was
0.83 (95% CI: 0.64 to 1.00) in intrarater agreement
and 0.70 (95% CI: 0.45 to 0.94) in inter-rater agree-
ment (Table 2).
TABLE 2 Coronary CT Angiography
CTO STO p Value
Total occlusion, n 411 142
LAD 134 (32.6) 56 (39.4) 0.15
LCX 88 (21.4) 41 (28.9) 0.08
RCA 189 (46.0) 45 (31.7) 0.003
Length of vessel
Whole vessel, mm 144 (125–161) 144 (115–161) 0.47
Proximal to occlusion, mm 31 (17–50) 37 (25–53) 0.003
Occluded segment, mm 17 (11–30) 7 (5–13) <0.001
Distal to occlusion, mm 81 (60–103) 91 (66–112) 0.038
Size of vessel
Luminal area, proximal reference, mm2 8.0 (5.8–10.7) 6.6 (5.0–9.6) 0.005
Luminal area, distal reference, mm2 4.5 (2.9–6.8) 4.0 (2.7–6.6) 0.14
Vessel area in the mist of occluded segment, mm2 9.5 (5.6–13.6) 7.1 (5.0–12.0) 0.001
Remodeling index 1.07 (0.93–1.22) 1.05 (0.93–0.14) 0.16
Positive ($1.1) 172 (41.8) 49 (34.5) 0.12
Neutral (>0.9 and <1.1) 159 (38.7) 69 (48.6)
Negative (#0.9) 80 (19.5) 24 (16.9)
Calciﬁcation, cross-sectional extent*
0% (none) 262 (63.7) 110 (77.5) 0.002
1% to 49% 74 (18.0) 20 (14.1)
50% to 90% 57 (13.9) 8 (5.6)
$90% (full moon) 18 (4.4) 4 (2.8)
Calciﬁcation, axial length, mm† 0 (0–3) 0 (0–0) 0.002
Morphology of entry
Blunt stump 241 (58.6) 40 (42.3) <0.001
Side branch
In proximal entry of occlusion 309 (75.2) 61 (43.0) <0.001
In distal exit of occlusion 296 (72.0) 35 (24.6) <0.001
In both proximal entry and distal exit of occlusion 241 (58.6) 16 (11.3) <0.001
Collateral vessel
TAGall (HU/10 mm) 11.0 (19.3 to 4.5) 12.9 (21.6 to 6.9) 0.006
TAGdistal (HU/10 mm) 0.1 (3.2 to 2.2) 3.0 (4.7 to 1.1) <0.001
Noninvasively visualized collateral vessel 162 (39.4) 22 (15.5) <0.001
Values are n (%) or median (ﬁrst to third quartile). *Calciﬁcation was deﬁned by tissue having $350 HU. †The mean  SD of calciﬁcation length was 2.6  5.2 mm and 1.3 
3.4 mm in CTO and STO, respectively.
CT ¼ coronary tomography; LAD ¼ left anterior descending artery; LCX ¼ left circumﬂex artery; RCA ¼ right coronary artery; TAGall ¼ transluminal attenuation gradient from
ostium to vessel distal; TAGdistal ¼ transluminal attenuation gradient of vessel distal to occlusion; other abbreviations as in Table 1.
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1149CORONARY CTA. There was more right coronary ar-
tery occlusion in CTO compared with STO (46% vs.
32%; p ¼ 0.003). CTO showed longer occlusion length,
large proximal reference luminal area, and larger
vessel area in occluded segment compared with STO
(p < 0.005, all). CTO also showed more side branches,
blunt stump, calciﬁcations, and noninvasively visu-
alized collateral vessels compared with STO (p <
0.005, all). Both TAGall and TAGdistal were higher in
CTO compared with STO (p < 0.01, all) (Table 2).
Representative cases are shown in Figure 3.
INVASIVE CORONARY ANGIOGRAPHY. CTO showed
longer occlusion length and more frequent side
branches compared with STO (p < 0.001, all). Collat-
eral vessel was found in 100% of CTO and in 68% of
STO. Also, collaterals supplying arteries with CTOwere larger, had higher ﬂow, and had more retrograde
ﬂow compared with collaterals supplying arteries
with STO (p < 0.001, all).
PCI was attempted less frequently (57% vs. 76%)
with much lower procedural success rate (75% vs.
95%) in CTO compared with STO (p < 0.001), which
was mostly driven by inability to perform wire pas-
sage. Coronary perforation had developed only in the
PCI for CTO (Table 3).
PREDICTION OF THE PRESENCE OF CTO AND THE
PROCEDURAL SUCCESS OF PCI. The predictive per-
formance of each coronary CTA ﬁnding for the pres-
ence of CTO by CAG was moderate (c-statistics ¼ 0.55
to 0.74) (Table 4). A predictive model using the
combination of optimal cutoff values of coronary
CTA ﬁndings, including occlusion length $15 mm,
TABLE 3 Invasive Coronary Angiography and PCI
CTO STO p Value
Total occlusion, n 411 142
Luminal diameter, proximal reference, mm 2.85 (2.36–3.30) 2.81 (2.26–3.34) 0.33
Luminal diameter, distal reference, mm 2.12 (1.67–2.50) 2.24 (1.70–2.69) 0.13
Length of occluded or $95%
stenotic segment, mm
17.7 (10.9–28.9) 4.5 (4.1–11.0) <0.001
Side branch
In proximal entry of occlusion 327 (79.6) 67 (47.2) <0.001
In distal exit of occlusion 290 (70.6) 56 (39.4) <0.001
In both proximal entry and distal
exit of occlusion
234 (56.9) 29 (20.4) <0.001
Native vessel
Antegrade TIMI ﬂow
0 411 (100) 0 (0) <0.001
1 0 (0) 66 (46.5)
2 0 (0) 76 (53.5)
3 0 (0) 0 (0)
Collateral vessel
Invasively visualized collateral vessel 411 (100) 96 (67.6) <0.001
Rentrop grade
0 2 (0.5) 38 (26.8) <0.001
1 86 (20.9) 55 (38.7)
2 192 (46.7) 47 (33.1)
3 131 (31.9) 2 (1.4)
Collateral Connection grade
0 69 (16.8) 70 (49.3) <0.001
1 174 (42.3) 48 (33.8)
2 168 (40.9) 24 (16.9)
Flow supplied by collateral vessel
Antegrade 176 (42.8) 113 (79.6) <0.001
Retrograde 235 (57.2) 29 (20.4)
PCI
PCI attempted 234 (56.9) 108 (76.1) <0.001
Successful PCI result 176 (75.2) 103 (95.4) <0.001
Cause of failure
Failure of wire passage 57 (24.4) 5 (4.6) <0.001
Failure of balloon passage 1 (0.4) 0 (0) —
Residual stenosis >50% 1 (0.4) 0 (0) —
Complication (perforation) 2 (0.9) 0 (0) —
Values are median (ﬁrst to third quartile) or n (%).
PCI ¼ percutaneous coronary intervention; other abbreviations as in Table 1.
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1150side branches, blunt stump, visualized collateral
vessel, cross-sectional calciﬁcation $50%, and
TAGdistal $0.9 HU/10 mm, showed much higher
discriminative performance compared with the other
predictive models on the basis of single CTA ﬁndings:
c-statistics ¼ 0.88 (95% CI: 0.85 to 0.90) sensitivity
85% (95% CI: 78% to 90%); speciﬁcity 75% (95% CI:
71% to 80%); positive predictive value (PPV), 55%
(95% CI: 48% to 61%); negative predictive value
(NPV), 93% (95% CI: 90% to 96%); p < 0.001. This
model could also predict the unsuccessful PCI pro-
cedural result better than single CTA ﬁndings:
c-statistics ¼ 0.70 (95% CI: 0.65 to 0.75); sensitivity
63% (95% CI: 57% to 69%); speciﬁcity 83% (95% CI:60% to 83%); PPV 91% (95% CI: 86% to 95%);
NPV 31% (95% CI: 24% to 39%); p < 0.005 (Figure 4).
The c-statistics of the Bootstrap-reﬁned model were
0.88 (95% CI: 0.85 to 0.91) and 0.70 (95% CI: 0.63 to
0.77), respectively.
DISCUSSION
In our study, comprehensive assessment of anatom-
ical and physiological ﬁndings in coronary CTA could
discern CTO from STO. These ﬁndings could also
predict the result of PCI.
The success rate of PCI is >95% for non-CTO,
whereas it is still 70% to 80% for CTO despite the
introduction of novel techniques and new devices
(25). The most common cause of PCI failure is the
inability to pass a guidewire through the occluded
segment. Hence, the most reasonable approach might
be the selection of appropriate cases in which proce-
dural success is highly expected (5). Besides unsuc-
cessful PCI, intraprocedural complications and the
need for specialized devices are also more common in
CTO compared with STO. Therefore, noninvasive
discrimination of CTO from STO may be useful for
deciding upon a revascularization strategy or esti-
mating the procedural difﬁculty.
Two prior studies attempted computed tomography–
based discrimination of CTO from STO (9,21). In both
studies, occlusion length was highly speciﬁc, but the
speciﬁcity of reverse attenuation gradient was not
consistent. Our prior study has shown that reverse
attenuation gradient corresponds to TAGdistal >0,
depends on the direction and extent of collateral
ﬂow, and is moderately speciﬁc (15). Our results were
derived from a much larger study of 553 vessels, and
are determined on the basis of both anatomical and
physiological ﬁndings. Importantly, our results were
validated with the attempt of a guidewire passage
through the occlusion, which may be the best
method of discriminating CTO from STO. CTO with
minimal contrast penetration through the occluded
segment has been frequently referred as “functional”
total occlusion and has been regarded as CTO (4–6).
Based on our results, the current deﬁnition of CTO
might be redeﬁned by CTA.
Signiﬁcant coronary calciﬁcation has been shown
to be a predictor of successful CTO PCI. In our study,
the calciﬁcation did not affect the procedural result,
which is similar to our prior study (16). This ﬁnding is
partially explained by the poor performance of CTA
for discrimination of hard ﬁbrous tissue from calciﬁed
tissue, which shows distinct HU values but blocks
guidewire advancement, or for detection of small
calciﬁcation (13,26).
TABLE 4 Comparison of Coronary CT Angiography Findings for Prediction of CTO or Unsuccessful PCI Procedure
Prediction of CTO Speciﬁcity PPV NPV C-Statistics (95% CI) p Value
Sensitivity
Length of total occlusion $15 mm 83.8 (76.7–89.4) 62.5 (57.7–67.2) 43.6 (37.6–49.7) 91.8 (87.9–94.7) 0.732 (0.693–0.768) <0.001
Side branches in both proximal and distal segment 88.7 (82.3–93.4) 58.6 (53.7–63.4) 42.6 (36.9–48.4) 93.8 (90.1–96.4) 0.737 (0.698–0.773) <0.001
Noninvasively visualized collateral 84.5 (77.5–90.0) 39.4 (34.7–44.3) 32.5 (27.8–37.6) 88.0 (82.5–92.4) 0.620 (0.578–0.660) <0.001
Calciﬁcation cross-sectional extent $50% 91.5 (85.7–95.6) 18.3 (14.6–22.3) 27.9 (23.9–32.2) 86.2 (77.1–92.7) 0.549 (0.506–0.591) 0.001
TAGdistal $0.9 (HU/10 mm) 78.9 (71.2–85.3) 56.7 (51.7–61.5) 38.8 (33.0–44.5) 88.6 (84.1–92.2) 0.678 (0.637–0.717) <0.001
Blunted stump 57.8 (49.2–66.0) 58.6 (53.7–63.4) 32.5 (26.8–38.7) 80.1 (75.1–84.4) 0.582 (0.540–0.623) <0.001
Predicted probability derived from 6 variables* 83.1 (75.9–88.9) 76.9 (72.5–80.9) 55.4 (48.5–62.2) 92.9 (89.2–95.0) 0.879 (0.849–0.905) <0.001
Prediction of Unsuccessful PCI
Length of total occlusion $15 mm 58.4 (52.4–64.3) 63.5 (50.4–75.3) 87.6 (82.0–92.0) 25.6 (19.0–33.2) 0.610 (0.556–0.662) 0.001
Side branches in proximal or distal segment 57.7 (51.7–63.6) 63.5 (50.4–75.3) 87.5 (81.8–91.9) 25.3 (18.7–32.8) 0.606 (0.552–0.658) 0.002
Noninvasively visualized collateral 68.5 (62.7–73.9) 34.9 (23.3–48.0) 82.3 (76.8–87.0) 20.0 (13.0–28.7) 0.517 (0.463–0.571) 0.61
Calciﬁcation cross-sectional extent $50% 86.4 (81.8–90.2) 17.5 (9.1–29.1) 82.3 (77.4–86.5) 22.4 (11.7–36.8) 0.519 (0.465–0.573) 0.46
TAGdistal $0.9 (HU/10mm) 60.6 (54.6–66.3) 57.1 (44.0–69.5) 86.2 (80.6–90.7) 24.7 (17.9–32.5) 0.589 (0.534–0.641) 0.011
Blunted stump 54.1 (48.1–60.1) 66.7 (53.7–78.0) 87.8 (81.9–92.3) 24.7 (18.4–31.9) 0.604 (0.550–0.656) 0.002
Predicted probability derived from 6 variables† 63.1 (57.1–68.8) 73.0 (60.3–83.4) 91.2 (86.3–94.8) 30.9 (23.6–39.0) 0.703 (0.651–0.751) <0.001
Values are median (ﬁrst to third quartile) unless otherwise indicated. *p < 0.001. †p < 0.005 between predicted probability and the other predictors by pairwise comparison.
Abbreviations as in Tables 1 to 3.
FIGURE 4 Comparison of Coronary CTA Findings for Prediction of CTO or Unsuccessful PCI Procedure
A predictive model combining occlusion length $15 mm, side branches, blunt stump, noninvasively visualized collateral vessel, cross-sectional
calciﬁcation $50%, and TAGdistal $0.9 HU/10 mm was superior to single CTA ﬁndings for discrimination of CTO from STO and unsuccessful PCI. *p < 0.05
between predicted probability and the other predictors by pairwise comparison. Abbreviations as in Figure 1 and 3.
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PERSPECTIVES
WHAT IS KNOWN? Discrimination of CTO from STO
before cardiac catheterization is of clinical value
because PCI is attempted less frequently for CTO, with
a higher rate of unsuccessful procedures and late
restenosis compared with non-CTO. However, nonin-
vasive discrimination of CTO from STO remains a
challenge.
WHAT IS NEW? This study showed that compre-
hensive assessment of anatomical and physiological
ﬁndings in coronary CTA on the basis of the presumed
pathogenesis of CTO, a progression of organized
thrombus and collagen tissues ﬁlling up to the
ostium of side branches accompanied by collateral
vessels supplying subtended myocardium, could
discern CTO from STO and could also predict the
result of PCI.
WHAT IS NEXT? Noninvasive discrimination of
CTO from STO before invasive catheterization may
be useful for determining a revascularization
strategy for patients with totally occluded coronary
arteries.
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1152STUDY LIMITATIONS. The following inherent limita-
tions should be recognized before translating current
results to the other scenarios. The results were
derived from single-center datasets. Our result may
be biased because of case selection, operator exper-
tise, and CTA imaging techniques. We did not enroll
patients who showed CTO but did not undergo CAG.
PCI was not attempted in all patients, which may be
linked to selection bias or measures of outcome bias.
Interpretation of small branches, calciﬁcation, inter-
ruption of vessel lumen, or distal intravascular
attenuation may be affected by the spatial resolution
of CTA and the extent of intraluminal opaciﬁcation
(27). Although TAG has been successfully studied
from CTA with multiple cardiac cycles, the lack of
temporal uniformity might affect the result of TAG
(17). CTA showed high NPV (93%) but moderate PPV
(55%) for the presence of CTO, which suggests that
CTA may overestimate the complexity of occluded
lesion. Our study is based on the presumed patho-
genesis of CTO, a progression of organized thrombus
and collagen tissues ﬁlling up to the ostium of side
branches accompanied by collateral vessels supplying
subtended myocardium, but does not explain or
provide the pathogenesis of STO, which has not been
investigated sufﬁciently (28).
CONCLUSIONS
Noninvasive coronary CTA could discern CTO from
STO and could also predict unsuccessful PCI. Our re-
sults would be helpful for the evaluation of patients
with totally occluded coronary arteries and guidance
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